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PRE-TREATMENT OF LIME-BASED SORBENTS USING HYDRATION 

FIELD OF THE INVENTION 

This invention relates to the reactivation of carbon dioxide and sulphur oxides 
sorbents used in the fluidized bed combustion of carbon and sulphur-containing fuels. 
More particularly, the present invention relates to increasing the gas-capture capacity of 
these sorbents and thereby reduce the level of emission of carbon dioxie and sulphur 
oxides into the atmosphere. 

BACKGROUND OF THE INVENTION 

The increase in carbon emissions and the rising concentration of carbon dioxide 
and sulphur oxides in our atmosphere has forced the consideration of the control of the 
emission of these gasses from stationary sources such as fossil fuel combustors. A widely 
accepted 4< zero emission" policy for carbon dioxide and the need for greenhouse gas 
control technologies has emphasized the need to separate carbon dioxide from 
combustion gases and thereby obtain a purified stream of carbon dioxide. 

While separation of carbon dioxide from flue gases is a viable option, the inherent 
cost is high. Accordingly, a range of approaches to separating carbon dioxide by more 
cost-effective processes is emerging. Numerous carbon dioxide separation processes are 
' currently being tested for their deployment in fossil-fuel-based power plants. 

The known absorption processes employ physical and chemical solvents such as 
selexol and rectisol while adsorption systems capture carbon dioxide on a bed of 
adsorbent materials such as molecular sieves or activated carbon. Carbon dioxide can 
also be separated from other gases by condensing it out at cryogenic temperatures. 
Polymers, metals such as palladium, and molecular sieves are also being evaluated for 
membrane-based separation processes. A carbon dioxide chemical looping technique has 
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been proposed which utilizes the carbonation of lime and the reversible calcination of 
limestone as a means of capturing and separating carbon dioxide. Fluidized bed 
combustion (FBC) of carbonaceous fuels is an attractive technology in which the removal 
of sulphur dioxide can be achieved by injecting a calcium-based sorbent into the 
combustor. Lime-based materials are the most commonly employed sorbents. However 
the sorbent utilization in the, FBC system is rather low, typically less than 45%. The low 
utilization of the sorbent results in significant amounts of unreacted calcium oxide in the 
furnace ashes. This poses an expensive as well as a potential safety risk in deactivating 
the remaining calcium oxide before the ashes can be safely disposed of, for example in a 
landfill site. 

Ash produced in an FBC furnace usually contains 20-30% unreacted calcium 
oxide. Reactivation of the sorbent by hydration with either water or steam can improve 
the sorbent utilization. During hydration of the partially-sulphated sorbent, water or 
steam permeates the outer calcium sulphate layer and reacts with the calcium oxide in the 
core of the sorbent particles to form calcium hydroxide. When the reactivated sorbent 
particles are re-injected into the FBC furnace, the thus formed calcium hydroxide 
decomposes to calcium oxide becomes available for further sulphation. 

Recent investigations have indicated that fly ash has a quite different behaviour 
compared to bottom ash. Fly ash was not shown to be reactivated by means of any 
hydration treatment. Also, drastic steam hydration treatment actually reduced the sulphur 
dioxide carrying capacity of fly ash. These results suggested that while hydration is an 
effective measurement for reactivating bottom ash, its efficiency for reactivating fly ash 
is questionable. 

Limestone is typically used as a sorbent for sulphur dioxide and/or carbon dioxide 
capture. However, with multiple calcination/carbonation cycles to reactivate the sorbent, 
due to loss of pore volume in the lime-based sorbent, the absorption efficiency of the 
sorbent particles rapidly decreases. 
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In principle, the pore volume created during calcinations should be sufficient to 
allow more or less complete recarbonation of the calcium oxide. In practice, however, 
recarbonation occurs preferentially near the particle exterior, such that the surface 
porosity approaches zero after multiple cycles, preventing carbon dioxide from reaching 
unreacted calcium oxide in the interior of the particle. To reach calcium oxide in the 
interior of the sorbent particles, the carbon dioxide must diffuse through the carbonated 
layer; the result is that the reaction between the carbon dioxide and the sorbent particles 
gradually slows down. Sintering in each calcination cycle is probably another factor for 
lowering the reactivation of calcium oxide after multiple carbonation and calcination 
cycles. Prior art processes have attempted to find a solutions to the problems associated 
with the regeneration of lime-based sorbent in multiple carbonation/calcination cycles. 

Huege, in US 5,792,440, discloses the treatment of flue gases exhausted from a 
lime kiln to produce a high purity calcium carbonate precipitate. A source of calcium 
oxide is hydrated to form calcium hydroxide which is contacted with carbon dioxide to 
form a high purity calcium carbonate precipitate. 

Rechmeier, in US 4,185,080, discloses the combustion of sulfur-containing fuels 
in the presence of calcium carbonate or calcium magnesium carbonate to form calcium 
sulfate or calcium magnesium sulfate. The calcium oxide or calcium magnesium oxide is 
removed from the combustion ashes, and is slaked with water to form the corresponding 
hydroxides, which are recycled to the combustion zone. 

Shearer, in US 4,312,280, discloses increasing the sulphation capacity of 
particulate alkaline earth metal carbonates to scrub sulfur dioxide from flue gasses 
produced during the fluidized bed combustion of coal. The recovered partially sulfated 
alkaline earth carbonates are hydrated in a fluidized bed to crack the sulfate coating to 
facilitate the- conversion of the alkaline earth oxide to the hydroxide. Subsequent 
dehydration of the sulfate-hydroxide to a sulfate-oxide particle produces particles having 
larger pore size, increased porosity, decreased grain size and additional sulfation 
capacity. 
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Maiden, in US 4,900,533, discloses the production of alkaline earth metal oxide 
by calcining raw alkaline earth metal carbonate. The oxide is slaked in water to form a 
suspension of the corresponding alkaline earth metal hydroxide, cooling the suspension 
and carbonating the hydroxide in suspension in water with substantially pure carbon 
dioxide in the presence of a dithionite bleaching reagent to form a precipitate of an 
alkaline earth metal carbonate. The precipitate is separated from the aqueous medium by 
filtration. 

Kuivalaine, in US 6,290,921, discloses a method and apparatus for binding 
pollutants in flue gas comprising introducing at least one of calcium oxide, 'limestone and 
dolomite into a combusting furnace for binding pollutants in the flue gas in the furnace. 
Water is mixed in an amount up to 50% of the weight of the recovered ash to hydrate at 
least a portion of the calcium oxide in the ash to form calcium hydroxide.Rheims, in US 
6,537,425, discloses adding to a pulp suspension of a medium containing calcium oxide 
or calcium hydroxide during the chemical process of loading with calcium carbonate 
fibers contained in the pulp suspension, wherein the treated pulp suspension is charged 
with pure carbon dioxide, which, during the progression of the reaction, converts at least 
a significant portion of the calcium oxide into calcium carbonate. 

Although the processes using the lime-based sorbents to trap both carbon dioxide 
<*>and sulphur dioxide are moderately successful, they have several disadvantages. First, 
due to the low efficiency of absorption of carbon dioxide and/or sulphur dioxide, the 
addition of fresh sorbent is required, resulting in increased operating cost. Second, the 
, amount of sorbent is far higher than inherent chemistry requires, so that the recovered 
combustor ash commonly contains significant amounts of calcium oxide. Third, due to 
the calcium oxide content, the recovered ash wastes cannot simply be disposed of in a 
landfill site without further processing to destroy the calcium oxide. 

While it is known that sulphur dioxide capture by limestone may be improved 
significantly by treatment of the limestone with sodium chloride, it is also known that the 
addition of salt can impact negatively on the system, leading to system corrosion and the 
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production of toxic by products. Moreover, the cost of the salt pretreatment adversely 
affects the low price of raw limestone. 

In view of the foregoing, there is a demand for a means of regenerating lime- 
based sorbents by multiple calcmation/carbonation processes. In addition, there is a 
demand for a method of pretreating the lime-based sorbent so as to increase its capture 
capacity for carbon dioxide and sulphur dioxide. 

SUMMARY OF THE INVENTION 

The present invention seeks to provide a method of, and an apparatus for, 
reactivating or regenerating sorbents used in fuel combustion processes for the separation 
and capture of carbon dioxide or sulphur dioxide. The present invention in particular 
seeks to provide a method of reactivating or regenerating lime-based sorbents and of 

improving the carbon dioxide or sulphur dioxide sorbent capacity of lime-based sorbents. 

t 

The method of the present invention seeks to increase the carbon dioxide capture 
capacity of lime-based sorbents by applying concentrated or 100% carbon dioxide 
directly to a lime-based sorbent which will make it capable of absorbing additional 
carbon dioxide or sulphur dioxide after multiple calcination/carbonation cycles. 

Additionally, this invention seeks to improve the absorption capacity of calcium 
oxide and to maintain the carbon dioxide absorption capacity at the same level hydrating 
the sorbent after each calcination process.^ 

In accordance with one aspect of the invention, the present invention seeks 
to provide a method of increasing the carbon dioxide-capture capacity of an alkaline earth 
metal sorbent in the fluidized bed oxidation of combustion fuels comprising: 

(a) introducing a suitable calcinable material into a fluidized bed; 

(b) calcining the calcinable material to form an alkaline earth metal oxide 
and carbon dioxide; 
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(c) carbonating the alkaline earth metal oxide in a carbonator in the 
presence of concentrated carbon dioxide at elevated temperature such 
that the alkaline earth metal oxide captures the carbon dioxide to 
produce an alkaline earth metal carbonate; 

(d) re-introducing the carbonated alkaline earth metal carbonate into the 
fluidized bed; and 

(e) calcining the carbonated alkaline earth metal carbonate to regenerate 
the alkaline earth metal oxide; and 

(f) repeating steps (a) to (e) utilizing the product of step (e). 

- In accordance with a second aspect of the invention, the present invention seeks to 

provide a method for increasing the carbonation capacity of an alkaline earth metal 

sorbent for reaction with carbon dioxide wherein alkaline earth metal oxide is produced 

during the calcination of an alkaline earth metal carbonate in the fluidized bed oxidation 

of combustion fuels, comprising hydrating particles of alkaline earth metal oxide to form 

particles of alkaline earth metal hydroxide at a suitable temperature and pressure; and 

carbonating the particles of alkaline earth metal hydroxide to form particles of alkaline 

» 

earth metal carbonate. 

In a third aspect, the present invention seeks to provide a method of increasing the 
carbonation capacity of an alkaline earth metal sorbent for reaction with carbon dioxide 
wherein alkaline earth metal oxide is produced during the calcination of alkaline earth 
carbonate in the fluidized bed oxidation of combustion fuels, for reaction with carbon 
dioxide comprising: 

(a) introducing a suitable calcinable material into a fluidized bed; 

(b) calcining the calcinable material to form an alkaline earth metal 
oxide and carbon dioxide; 

(c) pretreating particles of the alkaline earth metal oxide in a 
hydration reactor at a suitable temperature and pressure to 
form particles of alkaline earth metal hydroxide; 

(d) carbonating the alkaline earth metal hydroxide to produce 
alkaline earth metal carbonate and water; 
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(e) calcining the alkaline earth metal carbonate to regenerate the 
alkaline earth metal oxide and produce carbon dioxide; 

(f) carbonating the alkaline earth metal oxide in a carbonator 

at elevated temperature such that the alkaline earth metal oxide 
captures the carbon dioxide to produce an alkaline 
earth metal carbonate; v 

(g) re-introducing the carbonated alkaline earth metal carbonate 
into the fluidized bed; and 

(h) calcining the carbonated alkaline earth metal carbonate to 
regenerate the alkaline earth metal oxide; 

(i) and repeating steps (c) to (g) utilizing the product of step (h). 

In a fourth aspect, the present invention seeks to provide a method of increasing 
the carbon dioxide-capture capacity of an alkaline earth metal sorbent in the fluidized bed 
oxidation of combustion fuels comprising: 

(a) introducing a suitable calcinable material into a fluidized bed 

(b) calcining the calcinable material in a first calciner to form an alkaline 
earth metal oxide and carbon dioxide; 

(c) pretreating the alkaline earth metal oxide in a hydration reactor at a 
suitable temperature and pressure to form an alkaline earth metal 
hydroxide; 

(d) carbonating the alkaline earth metal hydroxide to produce an alkaline earth 
metal carbonate and water; 

(e) calcining the alkaline earth metal carbonate in a second calciner to 
regenerate the alkaline earth metal oxide and produce carbon dioxide; 

(f) carbonating the alkaline earth metal oxide in a carbonator in the presence 
of concentrated carbon dioxide at elevated temperature such that the 
alkaline earth metal oxide captures the carbon dioxide to produce an 
alkaline earth metal carbonate; 

(g) re-introducing the carbonated alkaline earth metal carbonate into the fluid 
bed; and 
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(h) calcining the carbonated alkaline earth metal carbonate to regenerate the 
alkaline earth metal oxide; and 

(i) repeating steps (c) to (h) utilizing the product of step (h). 

In the carbonation reaction, the reaction product of calcium oxide and carbon 
dioxide is calcium carbonate (Equation 1 below). Because the crytalline molar volume of 
the carbonate is higher than that of the oxide, the calcium carbonate leads to the plugging 
of the pores of the sorbent which eventually renders the interior surface of the sorbent 
ineffective. To overcome this, the prior art teaches to add fresh sorbent. 

Shocking with pure carbon dioxide as contemplated by the present invention 
obviates the necessity of adding fresh sorbent as it has the effect of regenerating the 
calcium oxide sorbent. Furthermore, pre-treating the lime-based sorbent using a 
hydration process further improves the sorption capacity of calcium oxide by promoting 
the carbonation reaction. Typically, calcium oxide is hydrated to calcium hydroxide 
which is then carbonated to calcium carbonate and water. 

Thus, the present invention may be summarized by the following reactions: 

(1) Carbonation Reaction: CaO + C0 2 -> CaC0 3 

(2) Calcination Reaction: CaC0 3 -> CaO + C0 2 

(3) Hydration Process: (a) CaO + H 2 0 -» Ca(OH) 2 

(b) Ca(OH) 2 + C0 2 -> CaC0 3 + H 2 0. 

BRIEF FESCRIPTION OF THE DRAWINGS 

FIGURE 1 is a schematic representation of the use of a lime-based 
sorbent to remove carbon dioxide in a fluidized bed combustion environment. 



FIGURE 2 is a schematic illustration of sorbent reactivation in a fluidized 
bed under the conditions of concentrated carbon dioxide and hydration. 
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FIGURE 3 is a simplified schematic diagram of the thermogravimetric analyzer 

(TGA). 

FIGURE 4 is a record of the weight-temperature-time data collected by the TGA 
for Cadomin limestone. 

FIGURE 5 is a comparison of carbon dioxide capacity of Cadomin, Havelock 
and Kelly Rock limestone over 13 cycles in the TGA. 

FIGURE 6 is a comparison of the effects of calcmation/carbonation cycling in 
the FBC environment for Havelock and Cadomin limestones. 

FIGURE 7 is a comparison of surface photographs for calcined samples, which 
were originally carbonated at 15%, 100% and 15%, cycles 11, 12 and 14. 

DETAILED DESCRIPTION OF THE INVENTION 

A carbon dioxide hot gas scrubbing process according to this invention which 
produces a pure carbon dioxide stream is schematised in Figure 1 and is denoted as 2. 
This scheme involves the use of a pressurized fluidized bed combustor/carbonator 
(PFBC/C) 4, where the fuel is burned in the presence of a sorbent which can, depending 
on operating conditions, remove up to 80% or more of the carbon dioxide and effectively 
all of the sulphur dioxide, and a calciner 6 where sorbent is regenerated by burning minor 
proportions of the fiiel in oxygen. The pure carbon dioxide emitted is either used for 
some purpose or sequestered. 

Such a process requires the sorbent to be recycled many times and deactivation of 
the sorbent will be a major problem. The large quantities of lime necessary for such a 
scheme mean that reactivation of the sorbent for carbon dioxide capture will be much 
more economically attractive than in the case of reactivation of lime for sulphur dioxide 
capture when compared with other schemes for carbon dioxide sequesteration. 



WO 2005/046863 



10 



PCT/CA2003/001760 



The concept of the present invention is schematised in Figure 2 and is denoted as 
6. This scheme involves the use of a pressurized fluidized bed combustor/carbonator 
(PFBC/C) 14. A circulating fluidized bed combustor (CFBC/C) may also be used. In 
this scheme, fresh sorbent such as limestone is fed into a first calciner 8 and calcium 
oxide is produced according to equation. The calcium oxide is hydrated in a hydration 
reactor 12 to produce calcium hydroxide which is carbonated to calcium carbonate 
(equations 3(a) and (b) on page 8). The calcium carbonate is fed to a second calciner 10 
where calcium oxide (CaO) is regenerated. The regenerated calcium oxide is fed to the 
CFBC/C (or PFBC/C) where it is carbonated in the presence of concentrated carbon 
dioxide (equation 1). The calcium oxide in this reaction captures the carbon dioxide to 
produce carbonated calcium carbonate which is fed to the first calciner to continue the 
cycle. After several cycles, spent limestone from the PFBC/C is channelled to the 
hydration reactor 12 afterwhich the calcination/carbonation loop comprising calcination 
in the second calciner 10 and carbonation in the CFBC/C 14 is repeated. 

Accordingly, the need to add fresh sorbent is reduced as the sorbent is 
continuously regenerated through the hydration process and subsequent 
calcination/carbonation cycle. Additionally, carbonating in the presence of concentrated 
carbon dioxide in the CFBC/C 14 increases the capacity of the sorbent to capture carbon 
dioxide. The only fresh sorbent needed will be the amount required to balance sorbent 
lost in the ashes withdrawn from the combustor. Sorbent is also lost through the side 
reaction involving the capture of sulfur dioxide by calcium oxide. 

The following example is included for the purpose of illustration only and is not 
intended to limit the scope of the invention. 

EXPERIMENTAL WORK 

Experiments were performed to verify the effect of calcination/carbonation 
cycling on the carrying capacity of calcium oxide for carbon dioxide. Experiments were 
carried out on three Canadian limestone types (Havelock, Cadomin and Kelly Rock) to 
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determine their ability to remove carbon dioxide in multiple carbonation/calcination 
cycles. Two systems were used: a circulating fluidized bed combustor (CFBC) operated 
in the bubbling FBC mode and a thermogravimetric analyser (TGA). 

TGA - APPARATUS AND METHODOLOGY 

A simplified schematic of the TGA is shown in Figure 3. The TGA consists of 
an electronic balance (Cahm 1 100), a vertical electric furnace, a reactor tube, a carrier gas 
system and a computerized data acquisition system. The reactor tube is made of 
Inconel™ 600 alloy and has an inside diameter of 24 mm and a height of 900mm. The 
reactor tube can be unscrewed from the TGA revealing a platinum sample holder (10 mm 
in diameter, 1 .5 mm in depth). An electric furnace surrounds the reactor tube and is the 
primary heat source. The carrier gas flow system consists of a digital mass flow 
controller (Matheson Gas Products). Losses or gains in mass are measured by the 
balance and recorded by the data acquisition system. Changes in gas composition are 
also measured and recorded. 

Limestone types tested included Havelock, Cadomin, and Kelly Rock. A 
summary of the experimental parameters is given in Table 1. Samples of 15-30 mg were 
placed in the reactor where they were calcined at 850°C and at atmospheric pressure in 
nitrogen, and then carbonated at 700°C and 1 atm in 15% C02/85% N 2 gas mixture. A 
thermocouple was used to measure temperature just below the sample holder. The 
temperature and sample mass were recorded in 5-second intervals until termination of the 
run. 
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Table 1. TGA Experimental Parameters 



Limestone Type 


L Cadomin 


2. Havelock 


Sam le Mass 


22-23 mg 


22-23 mg 


Calcination Temperature 


850°C 


850°C 


Carbonation Temperature 


700°C 


700°C 


CO2 Concentration in N2 


15% 


15% 


CO2 Concentration 
(Reactivation Study) 


100% 
(cycles 7 and 10) 


100% 
(cycle 9) 


Na 2 C03 Concentration per Mole of 
CaC0 3 (Reactivation Study) 


0.5% 
(all cycles) 


0.5% 
(all cycles) 


NaCl Concentration per Mole of 
CaC03 (Reactivation Study) 


0.5% 
(all cycles) 


0.5% 
(all cycles) 


Particle Size (D p ) 


650 nm < D p < 1675 |im 


650 jitm < Dp < 1675 Jim 



Figure 4 depicts a typical raw process record of the weight-temperature-time data 
collected by the TGA for Cadomin limestone, comprising 1 1 calcination/carbonation 
cycles. Figure 5 illustrates a comparison of carbon dioxide capacity of Cadomin, 
Havelock and Kelly Rock limestone over 13 cycles in the TGA. The solid line in the 
figure represents an empirical model based on TGA and fixed bed data from other 
investigators as proposed by Abanades, J.C., in Chemical Engineering Journal, 90, 303- 
306 (2002) (See Figure 3). It can be noted that the TGA results of this study match the 
empirical model curve during the first five cycles. However, the TGA results show higher 
capacity with increasing cycle number, leading to a significant difference after ten cycles. 
In general, all three-limestone types follow the same trend, starting with C0 2 capacity just 
under 80% and decaying to a final capacity between specific limestone types, particularly 
during the first few cycles; however, these differences are negligible. This behavior is in 
contrast to results obtained from the FBC, where Havelock limestone showed a 
consistently higher capacity for CO2 than Cadomin limestone. 

FBC - APPARATUS AND METHODOLOGY 

The major components of the pilot-scale CFBC, used herein in the bubbling mode, 
consist of a dense bed region, riser section, cyclone and baghouse. The so-called dense 
bed region is 1 m high with an internal diameter of 0. 1 m. This combustion chamber 
section is surrounded by 4 electric heaters (18 kW total), which can provide supplemental 
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heat during operation. The heaters can maintain the dense bed region at temperatures of up 
to 900°C. 

Immediately above the dense bed region, at the start of the riser, are two inlet ports 
- a solid feed and return-leg port The solid feed port is used to initially charge the dense 
bed region with solids and to supply fuel to the CFBC during a combustion experiment. 
The riser is 5 m long and refractory lined; it is connected to the cyclone, which is in turn 
connected to the baghouse, exhaust stack and return-leg. Air is supplied to the CFBC at 
the base of the dense bed region through a windbox. Air passes through the windbox and 
up through a distributor plate which both supports solids in the dense 
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bed region and maintains a uniform distribution of air over the internal cross-section of 
the CFBC. As the air travels up along the dense bed region it fluidizes the bed solids and 
will carry some solids up along the riser and into the cyclone. Once in the cyclone solids 
are separated and returned to the dense bed region via the return-leg, while the main gas 
flow and fine solids are either discharged to the atmosphere directly or passed through the 
baghouse before discharging to the atmosphere. The baghouse captures fine particles, 
removing them from the gas stream. 

The CFBC is equipped with a data acquisition system which records the system 
temperature, pressure drop and gas composition. Temperatures in the dense bed region 
are measured at 4 different points by K-type thermocouples (0.12, 0.24, 0.36 and 0.48 m 
from the distributor plate). Thermocouples and pressure taps are also situated along the 
riser, cyclone and return-leg. Gas sampling is performed at the exit of the cyclone, where 
detectors record the level of O2, C0 2 , CO, SO2 and NO x . Solid samples can be collected 
at the base of the return leg or immediately above the distributor plate in the dense bed 
region. • 

A summary of the experimental conditions is listed in Table 2. FBC experiments 
used approximately 5 kg of limestone per experiment. Prior to the start of any 
experiment the limestone was sieved to ensure that particle size was between 650 and 
1 675 Jim. The CFBC was operated as a bubbling fluidizes bed with a fluidizing velocity 
of lm/s rather than a circulating fluidized bed during these tests to maintain control over 
the number of cycles experienced by particles. In circulating fluidized bed mode, 
calcined particles will leave the dense bed region and enter the riser where they carbonate 
due to relatively lower temperatures and high carbon dioxide concentrations and then be 
recycled back t the dense bed and be recalcined. 
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Table 2. FBC Experimental Parameters 



LimestoneType 


Cadomin 


Havelock 


Initial Bed Mass 


5 kg 


5k 


Fluidizing Velocit 


1 m/s 


I m/s 


CalcmationTemperature 


850°C 


850°C 


Carbonation Temperature 


700°C 


700°C 


CO2 Concentration 


15% 


15% 


CO2 Concentration 


100% 


100% 


(Reactivation Study) 


(cycle 8) 


(cycles 12 and 13) 


NazC03 Concentration per Mole of 


NA 


4% 


CaC0 3 (Reactivation Study) 




(all cycles) 


NaCl Concentration per Mole of 


NA 


0.5% 


CaC0 3 (Reactivation Study) 




(all cycles) 


Particle Size (D p ) 


650 |im < Dp < 1675 urn 


650 pm < D p < 1675 jim 



Limestone was calcined at 850°C in air. Once the limestone was fully calcined the 
temperature in the bed was lowered to 700°C and the lime was exposed to a mixture of air 
and carbon dioxide (carbon dioxide concentration was verified by direct measurement at 
the inlet of the dense bed region). The typical carbon dioxide concentration was 1 5% for 
all tests except carbon dioxide reactivation tests where calcium oxide was exposed to 
100% carbon dioxide (see description below). The end of carbonation marked the end of a 
cycle. The bed temperature was then increased back to 850°C in preparation for a new 
calcination/carbonation cycle. Samples were collected periodically during calcinations and 
carbonation steps and tested tp ensure complete calcination/carbonation was occurring. 

The effects of calcination/carbonation cycling in the FBC for Havelock and 
Cadomin klimestones are summarized in Figure 6. (For the sake of comparison, data from 
other workers is also presented.) On that Figure the solid line represents the empirical 
model curve from the work of Abanades, J.C., in Chemical Engineering Journal, 90* 303- 
306 (2002), It should be noted, however, that since the empirical curve is based on data 
that derived primarily from TGA and fixed bed experiments, it can be argued that the 
results may not be directly applicable to FBC behavior. Nevertheless, there appears to be 
good agreement between the Havelock results and the empirical curve. This is in contrast 
to the Cadomin data, which shows a consistently lower capacity for C0 2 . Furthermore, 
unlike the Havelock results, the Cadomin data do not appear to level of£ suggesting that 
limestone type may be a factor in apparent contradiction to the work of Abanades, J.C., 
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(2002) which argues that limestone type is not a factor in determining carbonation 
performance. However, more work is needed on different limestone types to determine 
how natural limestones perform in such cycles before such generalizations are made. 



CARBON DIOXIDE REACTIVATION TESTS 



Carbon dioxide reactivation tests involved exposing the calcined limestone to pure 
carbon dioxide for one or two cycles at or near the end of a run, where an experimental run 
consists of between 8 and 14 cycles. Once carbonation was deemed complete, the 
limestone was calcined as described above, carbon dioxide reactivation experiments were 
performed on both Cadomin and Havelock limestones. 
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Two additional reactivation experiments were carried out on the Havelock 
limestone, exclusively. These experiments were involved doping the limestone with 4% 
sodium carbonate (Na2CC>3) per mole of calcium carbonate (CaCOa) and 0.5% sodium 
chloride (NaCl) per mole of calcium carbonate (CaCOa), respectively. The limestone 
was soaked in a solution of the additive (Na2CC>3 or NaCl) and water for a period of 24 
hours. Water was slowly evaporated in an oven at 100°C and atmospheric pressure. One 
three-cycle run was performed for each additive. The concentration of sodium carbonate 
and sodium chloride chosen is partially based on work by Razbin et al. in The Fluidized 
Bed Combustion of a High Sulphur Maritime Coal, ERL Division Report, 85-44, 
December 1984. 

MORPHOLOGICAL STUDY 

For the FBC carbon dioxide reactivation experiments, cycles 11,12 and 14 of the 
Havelock test, samples were collected for detailed microscopic examination. Carbonated 
lime samples collected at the end of each cylce were divided in two, half of which was 
calcined in an oven at 900°C. Brunauer-Emmet-Teller (BET) surface area measurements 
were made for carbonated and calcined samples in addition to a scanning electron 
microscope (SEM) study. The results were compared with a sample of the parent 
limestone (initial bed material), which was also similarly examined. A summary of the 
samples and their calcination/carbonation history are given in Table 3. 



Table 3. Morphological Study-Summary of Sample Properties (Havelock is the 
parent limestone) 



CO2 Concentration in Air 


Cycle 


Description 


NA 


0 


Initial bed material 


15% 


11 


Carbonated sample collected at the end of a cycle 


100% 


12 


15%° 


14 


15%11 




Calcined in oven at 900°C. 


100% 


12 


15% 


14 
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A Hitachi™ Model 570 SEM was used to examine these samples. Two types of 
observation were made — surface observations, where particles are glued to a surface, and 
cross-section observations, where particles are embedded in resin, the sample cut and the 
surface polished. Photographs were obtained at magnifications of x40, x200, xlOOO and 
x5000 for both sets of observations. BET surface area measurement of the particles was 
made using a Micrometrics™ ASAP 2000, which also provides information on the pore 
volume and average pore size. 

The results of the experiments would suggest that carbonating calcium ocide in a 
pure carbon dioxide environment does not appear to be able to reactivate the sorbent 
based on the TGA results. Tests performed on Havelock limestone in the TGA showed 
no appreciable increase in carbon dioxide capacity. FBC data, however, showed a 
marked rise in overall carbon dioxide capacity when either Havelock or Cadomin 
limestone was carbonated with pure carbon dioxide. It was further noted that when 
carbonation was carried out with 100% carbon dioxide for two successive cycles, 
Havelock limestone maintained a higher carbon dioxide carrying capacity when next 
carbonated with 15% carbon dioxide in air. Carbonating in a pure carbon dioxide 
environment for a single cycle, however, did not increase the carbon dioxide carrying 
capacity when next carbonated with 1 5% carbon dioxide in air. Instead, sample 
capacities continued to decay as before. 

Given the exothermic nature of the carbonation reaction and the total mass of the 
lime in the FBC, it is believed that carbonating in pure carbon dioxide exposes particles 
to much higher local temperatures than would be the case in the TGA, possible sintering 
particles and altering their pore structure in a manner which increased their carbon 
dioxide capacity. The FBC bed temperature was observed to experience rises from 
700°C to approximately 900°C when carbonated with pure carbon dioxide which would 
help support the hypothesis that the higher transient temperatures experienced by 
particles in the FBC appear to affect subsequent behavior. 
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However, SEM photographs did not show significant differences between samples 
carbonated with pure carbon dioxide or with 15% carbon dioxide and air. A comparison of 
surface photographs for calcined samples, which were originally carbonated at 15%, 100% 
and 15%, cycles 11, 12 and 14, respectively are presented in Figure 7, the same is true for 
images of the particle cross-sections. Figure 7 shows SEM Images - Surface Images of 
Calcinated Samples, where a) is cycle 1 1, b) is cycle 12, c) is cycle 14; and Cross-section 
Images of Carbonated Samples, where d) is cycle 11, e) is cycle 12, f) is cycle 14. (Cycle 
1 1 and 14 were initially carbonated with 1 5% C0 2 in air. Cycle 12 was initially 
carbonated with 100% CO2) There is an apparent increase in pore size with increasing 
cycle number, but nothing that would distinguish the 100% carbonation sample from the 
15% carbonation samples. 

BET surface area measurements, pore volume and average pore sizes, presented in 
Table 4, indicate that carbonating with pure carbon dioxide does influence the particle 
structure. The BET surface area, pore volume and average pore size for the two 1 5% 
samples, before and after carbonating in pure carbon dioxide, are approximately the same, 
in spite of the fact they are separated by three cycles. The 100% carbonation sample 
consistently shows lower values for all these measured quantities, lending support to the 
hypothesis that higher temperature in the FBC may have altered the structure of the 
limestone particle. 



r 


"able 4. Surface Area for Havelock Limestone 


Cycle 


Pore Volume, 
cm 3 /g 


Avg. Pore 
Size, A 


BET, m z /g 


Description 


11 


0.0045 


200.8 


1.24 ±0.009 


Carbonated sample collected 
at the end of a cycle. 


12 


0.0015 


116,9 


0.60 ±0.001 


14 


0.0052 


219.3 


1.17 ±0.009 


11 


0.0121 


319.7 


2.89 ± 0.044 


Calcined in oven at 900°C. 


12 


0.00306 


387.6 


1.07 ±0.106 


'. 14 


0.0918 


286.9 


2.48 ± 0.063 



The carbonation of calcium oxide in pure carbon dioxide showed differences 
between TGA and FBC results. TGA performance was unaffected by carbonating in pure 
carbon dioxide, irrespective of the limestone, whereas the FBC tests clearly showed an 
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increase in carbon dioxide capacity for both Havelock and Cadomin limestones. These 
results suggest that comparing TGA and FBC experiments may not necessarily be simple, 
and indicate that caution is necessary when using TGA results in lieu of FBC data. The 
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data presented here suggest that carbonating in pure carbon dioxide is able to reactivate 
calcium oxide for carbon dioxide capture. 

It should be understood that the preferred embodiments mentioned here are 
merely illustrative of the present invention. Numerous variations in design and use of the 
present invention may be contemplated in view of the following claims without straying 
from the intended scope and field of the invention herein disclosed. 



